ABSTRACT: MnCl 2 (urea) 2 is a new linear chain coordination polymer that exhibits slightly counter-rotated Mn 2 Cl 2 rhomboids along the chainaxis. The material crystallizes in the noncentrosymmetric orthorhombic space group Iba2, with each Mn(II) ion equatorially surrounded by four Cl − that lead to bibridged ribbons. Urea ligands coordinate via O atoms in the axial positions. Hydrogen bonds of the Cl···H−N and O···H−N type link the chains into a quasi-3D network. Magnetic susceptibility data reveal a broad maximum at 9 K that is consistent with short-range magnetic order. Pulsed-field magnetization measurements conducted at 0.6 K show that a fully polarized magnetic state is achieved at B sat = 19.6 T with another field-induced phase transition occurring at 2.8 T. Zero-field neutron diffraction studies made on a powdered sample of MnCl 2 (urea) 2 reveal that long-range magnetic order occurs below T N = 3.2(1) K. Additional Bragg peaks due to antiferromagnetic (AFM) ordering can be indexed according to the Ib′a2′ magnetic space group and propagation vector τ = [0, 0, 0]. Rietveld profile analysis of these data revealed a Neél-type collinear ordering of Mn(II) ions with an ordered magnetic moment of 4.06(6) μ B (5 μ B is expected for isotropic S = 5 / 2 ) oriented along the b-axis, i.e., perpendicular to the chain-axis that runs along the c-direction. Owing to the potential for spatial exchange anisotropy and the pitfalls in modeling bulk magnetic data, we analyzed inelastic neutron scattering data to retrieve the exchange constants: J c = 2.22 K (intrachain), J a = −0.10 K (interchain), and D = −0.14 K with J > 0 assigned to AFM coupling. This J configuration is most unusual and contrasts the more commonly observed AFM interchain coupling of 1D chains.
■ INTRODUCTION
Low-dimensional (0-, 1-, and 2D) molecular magnetic materials continue to attract much attention in our laboratory and worldwide. 1 Current interest in such materials is driven by the rich variety of magnetic ground and excited states that can be observed, especially at high magnetic fields, low temperatures, or high pressures. In order to better understand the underlying magnetism of these systems it is imperative that we understand the relationship between the lattice and spin degrees of freedom. If at all possible, neutron scattering is most useful as it can reveal phenomena not observed by macroscopic measurement techniques and, in particular, the interplay between magnetic structure and resulting spin excitations.
Metal-halide compounds often form low-dimensional crystal structures and continue to elicit much interest. For example, anhydrous CuCl 2 has been shown to exhibit spin-driven ferroelectricity and strong magnetoelectric coupling 2a whereas CuBr 2 is a multiferroic with a relatively high T N of 73.5 K. 2b A variety of hydrates (e.g., MnCl 2 ·2H 2 O), 3a doped variants (e.g., Rb 2 CrCl 4 , 4b,c and Rb 2 MnCl 4 4d also exist, with the latter three compounds being described, respectively, as a 1D Haldane chain and 2D Heisenberg square lattices. Neutron scattering played a key role in characterizing the magnetic ground states in several of these materials. 4 The structural and magnetic diversity of metal-halides can be expanded even further by incorporation of organic Lewis bases such as pyrazine (pyz), 1b−e,5 pyrazine-N,N′-dioxide (pyzdo), 6 tetrahydrofuran (THF), 7 pyridine (py), 8 2,2′-bipyridine (2,2′-bipy), 9 and 4,4′-bipyridine (4,4′-bipy), 10 just to list a few. Interesting physical properties presented by these materials include antiferro-(AFM), ferri-(FIM), ferro-(FM), and metamagnetism (MM), with the particular state depending on the metal ion, its oxidation number, and the presence of any spin-exchange anisotropy.
11 Binuclear 12 and chain-type structural motifs that have been reported primarily consist of bibridged M−Cl 2 −M cores as opposed to single M−Cl−M interactions. It seems that the organic ligand may perturb the M−Cl−M angle in both bridge types which in turn alter the sign and magnitude of the (super)exchange interaction. However, truly systematic magnetostructural studies are lacking in these high-spin Mn(II) complexes. In our quest to design model systems composed of selected types of interchain or interlayer hydrogen bonds, we have been exploring urea [CO(NH 2 ) 2 ] as an ancillary ligand in conjunction with metal-halide structural units. Urea 8 ]. 15 In the present work, we describe the structural and magnetic properties of MnCl 2 (urea) 2 which contains bibridged Mn− Cl 2 −Mn linear chains linked in three-dimensions by Cl···H−N and O···H−N hydrogen bond types. Magnetometry and neutron scattering probes demonstrated short-and long-range (T N = 3.1 K) magnetic ordering of the high-spin (S = 5 / 2 ) ions with the ordered moments aligned AFM along the chain c-axis but weakly FM along the a-and b-directions. This unique intraand interchain coupling scheme was not evident from bulk magnetometry data and revealed only through neutron experimentation.
■ EXPERIMENTAL SECTION
Synthesis. All chemicals were purchased from Aldrich Chemical Co. and used as received. In a typical synthesis, MnCl 2 ·4H 2 O (0.3503 g, 1.77 mmol) and urea (0.2126 g, 3.54 mmol) were dissolved separately in ∼10 mL of ethanol. While stirring, the ethanolic MnCl 2 solution was poured into the urea solution to yield a pale pink precipitate. The solid was collected by suction filtration and dried in vacuo for around 2 h (0.4005 g, 92% yield). Pink crystals suitable for the X-ray structure determination were obtained by slow evaporation of the filtrate over a period of a few days. The neutron sample was prepared in analogous fashion, but by scaling up the reaction accordingly to provide a 2-g batch.
X-ray Crystallography. A pink parallelepiped crystal measuring 0.25 × 0.06 × 0.06 mm 3 was mounted on a Bruker AXS SMART X-ray diffractometer equipped with a CCD area detector. Monochromated Mo Kα radiation (λ = 0.710 73 Å) was used in the data collection. Approximately a hemisphere of data was measured to a resolution of 0.75 Å at 295 K. The area detector frames were integrated by use of the program SAINT, 16 and the resulting intensities corrected for absorption by Gaussian integration (SADABS). 17 The SHELXTL 18 program package was employed in the structure solution, using direct methods and full matrix least-squares refinement on F 2 (using all data).
18 Urea H atoms were placed in idealized positions and allowed to ride on the atom to which they are attached. All non-hydrogen atoms were refined with anisotropic thermal parameters. Additional details of the data collection are given in Tables 1−3 which list selected bond lengths and angles as well as hydrogen bond parameters. Further structural details are available as electronic Supporting Information.
Magnetic Susceptibility. Quasistatic measurements were conducted using a Quantum Design PPMS-9 T ac/dc magnetometer equipped with the reciprocating sample option (RSO). Polycrystalline samples of MnCl 2 (urea) 2 were loaded into gelatin capsules and mounted on the end of a carbon fiber rod. The samples were cooled in approximately zero-field to the lowest attainable base temperature of 2 K, and data were collected upon warming in a 0.1 T magnetic field. Experimental susceptibilities were corrected for the diamagnetism of the constituent atoms.
Pulsed-Field Magnetization. Measurements up to 60 T were made at the Pulsed-Field Facility of the National High Magnetic Field Facility using a 1.5 mm bore, 1.5 mm long, 1500-turn compensatedcoil susceptometer, constructed from 50-gauge high-purity copper wire.
19a When a sample is within the coil, the signal voltage V is proportional to (dM/dt), where t is the time. Numerical integration of V is used to evaluate M. The sample is mounted within a 1.3 mm diameter ampule that can be moved in and out of the coil. Accurate values of M are obtained by subtracting empty coil data from that Neutron Scattering. Diffraction studies were made using the 32-detector high-resolution BT-1 powder diffractometer located at the NIST Center for Neutron Research (NCNR, Gaithersburg, MD). A neutron wavelength of 2.0775 Å produced by a Ge(311) monochromator was used. Collimators with horizontal divergences of 15′, 20′, and 15′ full-width-at-half-maximum (fwhm) were used for the in-pile, monochromatic and diffracted beams, respectively. Intensities were measured in steps of 0.05°2θ between 3°and 165°a t temperatures of 1.4 and 5 K, i.e., below and above T N . A hydrogenated powder sample of MnCl 2 (urea) 2 weighing approximately 2 g was loaded into a vanadium can, mounted in a Janis toploading 3 He cryostat and positioned in the center of the neutron beam. Nuclear and magnetic structure refinements were performed using GSAS.
20 Initial atomic positions, including H atoms, were taken from the single-crystal X-ray structure and then freely refined. The magnetic-order parameter was deduced using a series of scans obtained in temperature increments of roughly 0.1 K between 1.4 and 5 K.
Inelastic neutron scattering measurements were performed at 1.6 and 5 K on the same sample of MnCl 2 (urea) 2 using the Fermi chopper time-of-flight spectrometer also located at the NCNR. The sample was contained within a 1-cm diameter Al can backfilled with 4 He exchange gas. The temperature was controlled using a flow-type pumped-liquid 4 He cryostat. The neutron wavelength for the measurement was fixed at 6 Å, which results in a measured elastic energy resolution fwhm of 0.07 meV. Data were collected for approximately 6 h at each temperature. For the neutron data, uncertainties are statistical in origin and represent one standard deviation.
■ RESULTS AND DISCUSSION
Crystal Structure. The structure of MnCl 2 (urea) 2 was investigated at 295, 5, and 1.4 K using a combination of singlecrystal X-ray and neutron powder-diffraction measurements. In the Iba2 space group, the Mn(II) ion has 2-fold rotation symmetry about the crystallographic c-axis, occupying Wyckoff position 4b. All other atoms occupy general positions. As shown in Figure MnCl 2 (mppma) 21 and MnCl 2 (pz) 2 (pz = pyrazole). 22 The corresponding Mn···Mn distance/Mn−Cl−Mn bond angle in the dihydrate, mppma, and bipy complexes are 3.691 Å/ 92.55°, 3.790 Å (average)/94.14°, and 3.835 Å/96.4°. These Mn···Mn distances are shorter than that found in polymeric MnCl 2 (tmen) (tmen = N,N,N′,N′-tetramethylethylenediamine) 23 which is consistent with a slightly larger Mn−Cl− Mn bond angle. Adjacent rhomboids along the Mn−Cl 2 −Mn chains in MnCl 2 (urea) 2 are alternately tilted by 6.6°(see Figure  3a) .
The crystal packing in MnCl 2 (urea) 2 is unique as the chains do not stagger as typically observed in structures of this type.
3, 21, 22 Instead, neighboring chains pack in-registry and are linked into an intricate three-dimensional (3D) network via N− H···Cl and N−H···O hydrogen bonds as illustrated in Figure  3a ,b with relevant distances given in Table 3 . This packing arrangement provides interchain Mn···Mn separations of 7.780 and 8.601 Å along the face-diagonal of the ab-plane and bodydiagonals of the unit cell, respectively. In comparing the 295 K single-crystal X-ray data with 1.4 K neutron powder data for MnCl 2 (urea) 2 we find a lattice contraction along the a-and caxes and expansion along b. We attribute the b-axis change to a strengthening of the N−H···Cl hydrogen bond interaction as evidenced by shortening of the H···Cl distance.
Magnetic Susceptibility, χ(T). The bulk magnetic susceptibility of MnCl 2 (urea) 2 has been investigated between 2 and 300 K; data are shown in Figure 4 . χ(T) increases gradually upon cooling until a broad maximum (T max ) is reached at 9 K. Upon cooling further down to 2 K, χ(T) gradually decreases and then rises slightly. This small increase in the susceptibility could be due to a trace amount of paramagnetic impurity. The broad maximum, however, is attributed to short-range magnetic ordering between S = 5 / 2 Mn(II) ions along the bibridged chains. The χ(T) data were fit between 50 and 300 K to a Curie−Weiss law, χ = Ng 2 μ B 2 S(S + 1)/3k B (T − θ), where θ is the Weiss constant and the remaining symbols have their usual meaning. 24 The resulting fit gave a slightly anisotropic g-value of 2.027(1) and θ = −17.7(3) Figure 1 . Crystal structure of MnCl 2 (urea) 2 determined by singlecrystal X-ray and powder neutron diffraction data, showing the asymmetric unit and atom labeling scheme. Thermal displacement parameters are drawn for room temperature at the 35% probability level. K, where a negative θ-value specifies antiferromagnetic (AFM) coupling between Mn(II) spins. Since spin−orbit coupling is largely quenched in high-spin, six-coordinate Mn(II) complexes, as found in MnCl 2 (urea) 2 and many related systems, the obtained θ-value is almost entirely attributable to magnetic interactions between metal centers. We caution, however, that a small zero-field splitting could result due to even the slightest structural distortion about the metal center.
Considering that the crystal structure consists of uniformly spaced Mn(II) ions arranged as chemical chains, we first attempted to fit the χ(T) data to a classical-spin Fisher AFM chain model (H = JΣS i ·S j with J > 0 being assigned to AFM interactions) to obtain the intrachain exchange constant (J). In a second attempt, and to account for possible interchain couplings (J′), we included a mean-field correction term. 25, 26 In each case, a least-squares fit of the data between 5 and 300 K, which excluded any single-ion anisotropy (D), yielded g = 2.03(2) and J = 2.3(1) K for the Fisher chain model (dashed blue line in Figure 4 ) and g = 2.03(2), J = 1.9(1) K, and zJ′ = −0.1(1) K for the Fisher chain plus MF model (solid black line in Figure 4) . A mean-field approach is often invoked to explain residual magnetic interactions; however, in a later section, we describe a more reliable method to determine multiple magnetic parameters in a bulk material such as MnCl 2 (urea) 2 using inelastic neutron scattering.
The low dimensionality of the spin system can be further gleaned from the expression k B T max /J = 1.12S(S + 1) + 0.10, to estimate J. 27 The J obtained from this equation is 2.2 K and consistent with the fitted J-values. As compared to other bibridged Mn(II) chains listed in Table 4 , the J for MnCl 2 (urea) 2 is larger. While the Mn−Cl−Mn bridge angle in MnCl 2 (urea) 2 is ∼90°and presents the largest AFM interaction among related materials, magnetostructural trends are difficult to rationalize; the binuclear compound [Mn 2 Cl 4 -(tacud) 2 ] 12a has a very similar Mn 2 Cl 2 core as compared to the urea compound, and J was determined to be 5.2 K.
Of significance is that the g-values obtained from both magnetic models slightly exceed the expected free electron value of 2.0023. This points to a possible single-ion anisotropy arising from a splitting of the six magnetic sublevels of the S = ± 5 / 2 ground state in zero-field (D). 28 For instance, in a series of mononuclear complexes MnX 2 (tpa) (tpa = tris-2-picolylamine), D was found to be 0.17, −0.50, and −0.84 K for X = Cl, Br, and I, respectively. 29 Granted, these compounds consist of MnN 4 Cl 2 sites, as opposed to MnN 2 Cl 4 found in MnCl 2 (urea) 2 ; however, the important feature is that D is finite.
High-Field Magnetization. Figure 5a shows the magnetization M(H) of MnCl 2 (urea) 2 measured in pulsed magnetic fields at four different temperatures; corresponding differential susceptibility (dM/dH) plots are shown in the lower panel. It is quite possible that some of these previously reported J values may in fact be 2J.
d
Obtained from the fit of χ(T) to the Fisher chain model incorporating a mean-field term as described in the text.
e Intrachain J as determined from the INS study. Many similar studies have been carried out on S = 1 / 2 and S = 1 quantum magnets. 19 In those low-spin (compared to Mn) systems, low-temperature M(H) data exhibit a concave (i.e., gradual steepening with increasing field) curve before a relatively sudden saturation at a well-defined magnetic field.
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In general, the lower the effective magnetic dimensionality, the more concave the data, a behavior that has been modeled successfully using a quantum-Monte Carlo approach. 19 By contrast, the lowest temperature M(H) data for MnCl 2 (urea) 2 exhibit a constant gradient from 2.8 T up to just below the saturation field. This is followed by a small increase in gradient close to saturation and then a rapid fall to zero as the moments become aligned (Figure 5b , blue curve). In the context of the S = 1 / 2 and S = 1 systems, such behavior would suggest isotropic (three-dimensional) exchange interactions. However, similar approaches to saturation have been observed in a wide variety of Mn complexes, including MOFs in which the Mn ions populate small, magnetically isolated clusters 30 and crystalline organic magnets known to be quasi-one-or two-dimensional considering spatial exchange anisotropy. 31 In all of these Mn(II) compounds, it seems that the large number of possible spin projections of the Mn(II) ions circumvents the geometrical restrictions caused by reduced dimensionality that dictates the approach to saturation in the low-spin complexes; thus, the almost-linear low-temperature M(H) until just below saturation, followed by a brief increase in gradient and a rapid fall in gradient to zero (Figure 5a,b) , is "universal" behavior in metal−organic magnets featuring ions such as Mn(II). 32 From conventions established earlier, 19 the saturation field is chosen as the midpoint of the sharp fall to zero observed in the lowesttemperature dM/dH plot (Figure 5b , blue curve), yielding a value of 19.6 T.
In addition to the low-temperature, almost linear approach to saturation (Figure 5a , T = 0.6 K data), there is a sharp change in gradient at 2.8 T (Figure 5b , blue curve, indicated by an arrow). This suggests some form of metamagnetic transition, i.e., a field-driven reconfiguration of the low-field ground state. Increasing the temperature to 1.5 K (Figure 5b , red curve) broadens and shifts this feature up in field by a small amount; by 4.2 K, it is no longer visible (Figure 5b, green curve) .
The saturation magnetization of 5.3 ± 0.2 μ B per formula unit (Figure 5a ) suggests that the Mn(II) ions contribute their full moment at high fields, in contrast to the reduced moment extracted above from the low-field data. In addition, the saturation field represents the point at which the magnetic energy of the spins finally overcomes the exchange interactions; with knowledge of the g-factor one can extract the effective exchange energy acting on the Mn(II) ions. 19 Assuming a chain-like configuration (two nearest neighbors) and using the g-factor given above, the saturation field of 19.6 T yields an effective J = 2.6 K. This is close to, but slightly higher than, the individual exchange energies derived below from the inelastic neutron scattering study (see below).
In the section on analysis of neutron diffraction data, we describe how a portion of the Mn(II) spin-density probably diffuses onto the polarizable Cl − ligands at zero magnetic field. This acts to reduce both the effective exchange energies and magnetic moment available from the Mn(II) ions. Therefore, the metamagnetic-like transition at 2.8 T likely represents a rearrangement of the Cl − ligand spins that results in a slightly higher effective exchange energy and recovery of the full Mn(II) moment.
Zero-Field Magnetic Structure. A comparison of neutron diffraction patterns made at 1.4 and 5 K, the latter not shown, reveals several additional Bragg peaks at the lower temperature ( Figure 6 ) that are magnetic in origin. These additional peaks, / 2 Mn(II). This observation could arise if a portion of the Mn(II) spin density was diffused onto the polarizable Cl − ligands. Should this occur, each Cl would bear a magnetic moment of roughly 0.13 μ B and be aligned antiparallel to the Mn(II) moment, which is ∼3% of M T . This is not unreasonable in that ∼5% of the Ir(IV) magnetic moment is delocalized onto the Cl's in K 2 IrCl 6 due to covalency effects, for example. 33 For MnCl 2 (urea) 2 in zero-field, the net effect would be cancellation of the Cl magnetic moments since each Cl is shared by two antiparallel Mn, which is consistent with the lack of such evidence from the BT-1 data. Presumably, in high magnetic fields the Cl moments would reorient in a parallel form (possibly by 2.8 T because this corresponds to ∼14% of B sat , i.e., ∼0.8 μ B ), thus possibly explaining the larger total moment observed in the high-field magnetization data. Of note is that the presence of quantum fluctuations in MnCl 2 (urea) 2 , as needed to reduce the size of the experimentally observed ordered moment, is inconceivable for S = 5 / 2 . To determine the Neél temperature, the intensity of the (111) magnetic peak was monitored as a function of temperature as shown in Figure 8 . From the plot it can be seen that the peak intensity becomes invariant for temperatures above approximately 3 K. We fit these data in two ways. First, we use a power-law of the form I(T) = A + B(T N − T) 2β for T < T N , where the value A accounts for the background and β is the critical exponent. For T > T N the data were fit to obtain the A value. From Figure 8 , this comparison results in a good representation of the measurement with β = 0.19 (7) and T N = 2.99(4) K. While β is consistent with magnetic interactions of reduced dimensionality, we caution that it is only meaningful in the critical region. Second, we use mean-field theory (β = 0.5) for comparison which gives T N = 3.2(1) K. Of consequence is that the mean-field fit is flat all the way down to T = 0 whereas the power law fit continues to increase slightly. In common, however, is that neither fit satisfactorily accounts for the missing ordered moment outside of the uncertainty. Inelastic Neutron Scattering. Figure 9 shows the measured wave-vector (Q) integrated scattering intensity as a function of neutron energy transfer, ℏω. The T = 1.6 K data exhibit a band of excitations between approximately 0.4 and 1.1 meV. Upon heating to T = 5 K, these excitations broaden out substantially, with the paramagnetic scattering becoming diffusive (quasielastic) in nature. The range of scattering angles available with the Fermi chopper spectrometer ranges between 5°and 140°. For the band of excitations observed at T = 1.6 K, this range of scattering angle corresponds to an approximate range 0.17−1.83 Å −1 in wave-vector transfer. These low Q values, together with the temperature dependence, clearly indicate that this scattering is magnetic. There are three individual peaks that make up the broader distribution of magnetic scattering. Two correspond to the top and bottom of the magnon density-of-states. In the following, we show that these local maxima can be used to constrain the exchange constants in MnCl 2 (urea) 2 . At 1.6 K, MnCl 2 (urea) 2 is within the bulk ordered magnetic phase. Accordingly, we analyze the measured magnetic spectrum using linear spin-wave theory based upon the pedagogical Heisenberg Hamiltonian that includes single-ion anisotropy, D (eq 1)
where α is summed over the a, b, and c axes; we define the yaxis to be parallel to the ordered moment. 34 On the basis of the ordered magnetic structure shown in Figure 7 , we consider the moments to point along the (110) axis of the crystal. Although single-crystal inelastic neutron scattering is the preferred method for extracting exchange parameters based upon measured dispersion curves, 34 we are able to use the powder measurement to determine the primary exchange interactions in MnCl 2 (urea) 2 . For T < T N , the gap in the magnon density of states is due to D. We consider the dominant exchange interaction based upon the crystal structure to be along the crystallographic c-axis, J c . The next largest exchange interaction is most likely J a , since the distance between Mn(II) sites along the a-axis is the next shortest in the crystal structure at 9.16 Å. This results in the spin-wave dispersion (eqs 2−4)
where S is the magnitude of the spin, J c is the antiferromagnetic exchange along the chain-axis, and J a is a ferromagnetic nearest neighbor exchange along the a-axis. 35 We powder-average the calculated scattering intensity associated with a linear spin wave cross-section for the dispersion in eqs 2−4. 36 The B Q term has a cos(πL) factor due to there being two Mn(II) moments oriented along the c-axis of the unit cell. The spectrum is then integrated for the measured range of wave-vectors, convolved with a Gaussian with the same width as the elastic energy resolution, and compared to the measured scattering intensity. We fix the background and only include a multiplicative prefactor in this fitting procedure. By performing this calculation over a range of J a , J c , and D space we are able to determine the minimum value of reduced χ 2 . The fitted range of data used to determine the exchange constants was between 0.32 and 1.23 meV in energy transfer. The determined line shape shown in Figure 9 is based upon the best fit parameters of J c = 0.191(5) meV (∼2.22 K), D = −0.012(3) meV (∼−0.14 K), and J a = −0.009(2) meV (∼−0.10 K) with a reduced χ 2 of 0.887 indicating an excellent fit. The signs of J a and J c are in keeping with those used in the previous Hamiltonian used to model the magnetic susceptibility data. Error bars for an individual variable are based upon fixing the other variables and determining at what value the reduced χ 2 increases by 1. The value of J c is larger than the other exchange constants in this compound by more than a factor of 10, and it is the quasi-1D nature of MnCl 2 (urea) 2 that is responsible for the sharp magnetic density of states at the top and bottom of the spectrum. The additional peak in the spectrum at approximately 0.5 meV is attributed to weaker interchain interactions.
The calculated wave-vector-dependent dispersion has local minima at (h00), (00l), and (h0l) positions for integer h and l values. These values correspond to the locations of the magnetic peaks observed in the diffraction data, as expected for this magnetic structure.
The distance between moments along the c-axis is small such that the next-nearest neighbor (nnn) distance along the c-axis (7.338 Å) is shorter than the nearest-neighbor distance between moments along the a-axis (9.163 Å). The powder inelastic neutron scattering measurement is able to identify the significant exchange interactions, but cannot distinguish the possibility of a nonzero nnn exchange along the c-axis. Likewise the exchange interaction along the (1 0 ±0.5) direction may be comparable to J a but would require INS measurements on single crystals to verify. In turn, these additional exchange interactions would likely be frustrated. Adding additional interactions along other potential exchange paths did not improve the comparison with the data with any statistical significance. These would be of a smaller magnitude than the J a we determined and potentially contribute to some degree of geometric frustration in this compound.
■ CONCLUSIONS
We employed X-ray and neutron scattering techniques along with susceptibility and high-field magnetization data to determine the crystal structure and microscopic magnetic properties of the coordination polymer MnCl 2 (urea) 2 . A quasi-1D chain structure was found with Mn(II) sites packed in close proximity along the c-axis. A combination of magnetic neutron diffraction and inelastic neutron scattering measurements confirms the existence of AFM coupled S = 5 / 2 moments along the c-axis of the crystal structure. MnCl 2 (urea) 2 orders at a temperature of 3 K such that three-dimensional magnetic interactions ultimately contribute to the exchange interactions in the system, even though the intrachain interaction is an order-of-magnitude larger and dominates the magnetic behavior. This compound represents an unusual classical-spin chain displaying intrachain AFM and interchain FM interactions, the latter being contrary to the usual observation. A fielddependent phase transition occurs at 2.8 T with the fully polarized state being realized at 19.6 T. Examining other metal−organic crystal structures based upon the urea ligand are likely to further contribute to our general understanding of structural influences on the magnetic properties of materials of this type. 
